Separate electronic attenuation allowing a spin-component-scaled second-order Møller-plesset theory to be effective for both thermochemistry and noncovalent interactions in the aTZ basis, SCS-MP2(2terfc, aTZ), performs similarly to SCS-MP2/aTZ for thermochemistry while frequently outperforming MP2 at the complete basis set limit (CBS) for non-bonded interactions.
Introduction
Electronic structure theory pursues the solution of the electronic Schrödinger equation, which apart from relativistic and vibrational effects, is believed to be exact. However, in practice, truncations in the treatment of electron correlation and in the size of the finite basis set representation are necessary for all but the smallest of systems. While the full configuration interaction limit is usually completely intractable (although there is exciting progress towards attacking this problem 1, 2 ), the Møller-Plesset perturbation theory 3, 4 and coupled-cluster methods 5, 6 provide a systematically improvable manner for truncating the treatment of correlation.
Second order Møller-Plesset perturbation (MP2) theory provides a simple and qualitatively accurate estimate of dynamic correlation, particularly for closed shell organic and biological molecules, although it cannot be recommended for open shell systems when there is significant spin contamination 7 , or an orbital instability 8 . For some intermolecular interactions, such as hydrogen-bonded clusters [9] [10] [11] , MP2 can be exceedingly accurate, although the correlation energy exhibits only N −1 algebraic convergence with basis set size 12 . By contrast with hydrogenbonding, due to its often inaccurate C 6 values 13 , MP2 tends to strongly overestimate intermolecular interactions containing π-stacking motifs [14] [15] [16] [17] .
Since MP2 errors such as finite basis truncation errors appear systematic, there have been many attempts to semi-empirically modify MP2 theory to better approximate the exact, nonrelativistic limit, beginning 3 with simply scaling the MP2 correlation energy 18, 19 . It has turned out to be far more effective to separately scale the two different spin-components of the MP2 energy, as first advocated by Grimme 20, 21 . Spin-component scaling of the MP2 correlation energy (SCS-MP2) has been shown to significantly improve many types of MP2 reaction energies [22] [23] [24] [25] . SCS-MP2 scales the opposite and same spin correlation components with c OS = 
(1)
The SCS-MP2 approach, whilst semi-empirical in practice, can also be justified based on a redefinition of the zero order Hamiltonian 26, 27 .
It was also discovered that completely dropping the same-spin term, to define the scaled opposite spin MP2 (SOS-MP2) approach 28 There have been other extensions of the SCS approach as reviewed elsewhere 33 . These include successful extensions of the SCS and SOS approaches to excited states 34, 35 , within the CIS(D) and CC2 frameworks 36, 37 . Additionally, there has been ongoing benchmarking 38 , further improvements in SCS-MP2 for intermolecular interactions 39 , and the successful extension of SCS approaches to higher order coupled cluster methods 40, 41 , and double hybrid density functional theory 42 . However, regardless of all this progress, the problem of incompatible scaling parameters for bonded vs non-bonded interactions makes the general purpose use of SCS-MP2 methods problematical.
Attenuated MP2 is a recent development 43, 44 that takes a different, complementary, approach to semi-empirically improving finite basis MP2 theory for non-covalent interactions. MP2 strongly overestimates π-stacking interactions due to its dependence on uncoupled Hartree-Fock 5 polarizabilities. Outside of the complete basis set limit, MP2 also possesses significant basis set superposition error 45, 46 , which increases the overestimation of non-covalent interactions. Since both these errors have the same sign, they can be significantly compensated by attenuating the strength of electron-electron correlations as a function of distance. Of course the attenuation protocol will be specific to a given choice of basis set. Attenuated MP2 was parametrized for the aug-cc-pVDZ (henceforth aDZ) and aug-cc-pVTZ (aTZ) basis sets 47 48 .
The attenuation parameter for MP2(terfc, aDZ) was optimized as r 0 = Attenuated MP2 for non-covalent interactions represents the opposite of the existing scaling approaches used to correct the finite basis MP2
treatment of thermochemistry such as in scaling all correlation (SAC).
For SAC-MP2, scaling factors of larger than unity are necessary to compensate for basis set incompleteness and to approximate higher order correlation effects 18, 19 . As a result, attenuated MP2 methods are not expected to improve MP2 for thermochemistry. In that sense, attenuated MP2 methods have the same limitation reviewed earlier for SCS-MP2:
improved accuracy for covalent interactions and non-covalent interactions require incompatible (opposite) modifications of MP2.
The purpose of this work is to propose a new method that combines spin-component scaling and electronic attenuation in such a way that the resulting method is able to inherit the good performance of SCS-MP2
for bonded interactions, and the good performance of attenuated MP2
for non-bonded interactions. The price to be paid for this step forwards is that we must increase the number of semi-empirical parameters from 2 for SCS-MP2 and 1 for attenuated MP2 to 4 for the combined method.
However, this is arguably well worthwhile because the resulting method can be applied to chemical problems where energy changes involve important bonded and non-bonded contributions, without the present ambiguity of which parametrization to select.
The rest of the paper is laid out as follows. The approach we take to combine attenuated MP2 with spin-component scaling is elaborated in Section 2, leading to a 4-parameter form for the SCS-MP2(2terfc, aTZ) energy. The training of the 4 parameters is described in Section 3, which uses the S66 database of non-covalent interactions 50 and a nonmultireference subset of the W4-11 benchmark dataset for thermochemistry 51 . The crucial question of the transferability of the resulting parameterized method is addressed with an extensive range of independent tests in Section 4, with conclusions that are generally very encouraging, as we finally summarize in Section 5.
Methods
Given the very promising results for non-covalent interactions obtained with attenuated MP2 with the HF/aTZ reference, we will employ that basis set. We are then confronted with the question of how attenuation can be employed to design a spin-component scaled method that performs simultaneously well for both bonded and non-bonded interactions. We have designed a relatively simple proposal that is based on the following three observations. First, since bonded interactions occur on a shorter length-scale, we will attenuate them with a shorter length scale, r
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The spin-component scaling approach described above has been implemented in a development version of Q-Chem 52, 53 , which was used for all calculations reported here. SCF calculations are converged to 10 −10
Hartree using integral threshholds of 10 −14 . Correlation calculations use the frozen core and resolution of the identity approximations. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3 Training
We choose as training sets the S66 database of noncovalent interactions 50 and a non-multireference subset of the W4-11 benchmark dataset for thermochemistry 51 , including atomization energies, bond dissociation energies, heavy-atom transfers, isomerization energies, and nucleophilic substitution reactions. We employ an objective function constructed from root-mean-squared deviations (RMSDs), as shown in Equation 7 below, on the S66 and W4-11 databases as weighted by the average interaction energy of the two databases:
We determine the optimal non-linear attenuation lengths, r
0 and r (2) 0 , simultaneously to a resolution of 0.05Å based on explicitly evaluating the energies on a 2-d grid of that spacing. We report the linear spin component scaling coefficients to two significant figures. The dependence of our objective function upon the attenuation parameters, r (1) 0 and r (2) 0 , is shown in Figure 1 . In this figure, optimal spin-components scaling coefficients are determined separately at each grid point. The optimal attenuation parameters were determined to be r 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The results for SCS-MP2(2terfc, aTZ) on the W4-11 non-multireference training set are shown in Table 1 . SCS-MP2(2terfc, aTZ) performs best, with an RMS error roughly one third lower than regular MP2/aTZ. This result is just slightly better than the improvement seen with the standard (unfitted) SCS-MP2/aTZ method. SCS-MP2(2terfc, aTZ) outperforms SCS-MP2/aTZ on the atomization, isomerization, and bond dissociation subsets, while the error is increased on the nucleophilic substitution subset. By contrast, and more or less as expected, MP2(terfc, aTZ) degrades MP2/aTZ for atomization energies, though it yields a very slight improvement of 0.3 kcal/mol in the overall RMS error relative MP2/aTZ. The performance for SCS-MP2(2terfc, aTZ) on the S66 training set is shown in Table 2 . It is evident that the design we have chosen for SCS-MP2(2terfc, aTZ) is capable of slightly bettering the already outstanding performance of MP2(terfc, aTZ), which has an RMS error roughly 6 times smaller than unmodified MP2/aTZ. SCS-MP2(2terfc, aTZ) per- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 forms equally well on all the subsets examined, reducing overall root mean-squared deviation, mean signed error, mean unsigned error, and maximum error relative to MP2(terfc, aTZ). SCS-MP2/aTZ itself has an RMS error roughly 2.5 times smaller than MP2/aTZ, but it is between 2 and 3 times larger than MP2(terfc, aTZ) and SCS-MP2(2terfc, aTZ). 
Tests
Since this spin-component scaled method is based upon an ansatz originally designed for long-range interactions, capturing the performance of spin-component scaled MP2 for thermochemistry is a necessary starting point for transferability tests. Figure 2 presents The behavior of SCS-MP2(2terfc, aTZ) for noncovalent interactions is shown in Figure 3 . The databases presented are the S22 database of intermolecular interactions 14, 57 , the relative energetics of 76 conformers of small tripeptides (denoted herein P76) 58 , several relative conformational energetics databases from the GMTKN30 59 , including alka- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 nes (ACONF) 60 , cysteine (CYCONF) 61 , and sugars (SCONF) 62, 63 , and sulfate-water cluster conformers with both relative and binding energies, SW49(rel) and SW49(bind) 11, 64, 65 .
For non-covalent databases where SCS-MP2/aTZ outperforms MP2/aTZ (the S22, P76, ACONF, and SW49(rel) databases), SCS-MP2(2terfc, aTZ) exceeds or matches SCS-MP2/aTZ. When MP2(terfc, aTZ) significantly outperforms SCS-MP2/aTZ (the S22, ACONF, SCONF, and SW49(bind) databases), SCS-MP2(2terfc, aTZ) matches this behavior.
SCS-MP2(2terfc, aTZ) is the best method for the S22, CYCONF, and SW49(bind) databases. The SCONF database shows a low RMSD for all methods (≤ 0.5 kcal/mol) except for SCS-MP2/aTZ, which appears to be quite unfavorable. In this instance, MP2(terfc, aTZ) performs best while SCS-MP2(2terfc, aTZ) deviates slightly. When spin-component scaling degrades MP2/aTZ for the SW49(bind) databases, SCS-MP2(2terfc, aTZ) also deviates from MP2(terfc, aTZ), though in a favorable manner.
The error in the MP2 estimate of binding energies for noncovalent interactions grows nonlinearly with system size. As a test of this behavior, we examined the L7 database 66 , which contains seven large dispersionbound complexes which were examined at the CCSD(T)/CBS or QCISD(T)/CBS level of theory. These include the octadecane dimer (CBH), the guanine trimer (GGG), the circumcoronene adenine dimer (C3A), the circum- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 derbinding (compare the mean-signed error). The underbinding likely stems from the harsher attenuation of the same-spin correlation within SCS-MP2(2terfc, aTZ) (where r (2) 0 = 1.05Å) than in MP2(terfc, aTZ) (where r 0 = 1.35Å). This suggests that a long-range correction to the SCS-MP2(2terfc, aTZ) method might be a useful addition in the future. The atomization energies of linear alkane chains are poorly treated by MP2 in a limited basis set relative to W4/quasi-W4 estimates 69 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 intramolecular interaction datasets. Our conclusions from these tests are as follows. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 forming MP2/CBS results for noncovalent interactions.
6. There are a variety of interesting possible future developments. The formulation in terms of attenuated MP2 components permits the development of lower-scaling algorithms; and investigation of either long-range corrections, and/or development of a double hybrid density functionals based upon this approach appear interesting.
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